Experiments were done to determine if a mushroom compost-based sulfate reduction system could be used to treat nickel-contaminated mine waters. Sulfate reduction systems were established in columns containing acid-washed mushroom compost. Simulated mine waters containing 2000 mg/L sulfate and 50 to 1000 mg/L nickel were adjusted to pH 4.5 and pumped through the columns at flow rates between 15 and 25 mL/hr. During the first nine days of operation, virtually all influent nickel was removed in the columns by sorption and ion exchange mechanisms.
Introduction
The sulfide-rich Duluth gabbro deposit in northeastern Minnesota is an water quality of the drainage emanating from these stockpiles exceeds water quality standards by as much as 2 to 3 orders of magnitude (samples C, D, E, and F, Table 1 ).
Prior to mining the Duluth Complex ore deposit, water pollution control measures must be in place to ensure the protection of the region's· environment. A number of options are available for the treatment of metal-contaminated drainages.
Chemical treatment plants that add alkaline materials are able to treat water effectively, but they are expensive to build, maintain, and operate.
Metal Oxyanions of selenium and arsenic were also removed by this process, presumably via the formation of elemental selenium and arsenic sulfide minerals.
One advantage of sulfide precipitation over alkali addition as a chemical treatment is that a more compact sludge is produced that can be introduced directly into conventional smelters for metal recovery.
However, a sulfide precipitation plant would be expensive to operate because of high H 2 S or Na 2 S costs.
There are also safety concerns when transporting or applying toxic H 2 S gas or caustic Na 2 S. 
Materials and Methods
Sulfate reduction experiments were carried out in 5. 1 cm ( 2 in) I. D. by 45.7 cm (18 in) long columns containing 400 g of mushroom compost. Mushroom compost is a waste product of mushroom farming that consists of composted straw, hay, horse and poultry manure, ground corncobs, gypswn, and limestone. As received, this material contains an intrinsic alkalinity equal to 35 tons CaC0 3 /1000 tons.
Initially, deionized water adjusted to pH 1 with concentrated hydrochloric acid was passed through the columns to remove the intrinsic alkalinity of the compost. When the pH of the column effluents dropped below 2, this treatment was suspended.
The columns were then inoculated with leachate from fresh mushroom compost and a circumneutral solution containing 2000 mg/L so;-(as Na 2 S0 4 ) was passed through the columns at a 25 ml/hr flow rate for 2 weeks.
After the presence of vi~ble populations of sulfate-reducing bacteria (as growth in Postgate's medium B; McIntire et al. 1990 ) was demonstrated for each column, were passed through the columns at flow rates ranging from 15-25 mL/hr (12.5 hr average residence time).
After 20 weeks, 3500 mg/L lactate, as sodium lactate was added to the influent solutions (pH adjusted to 4.5).
No effort was made to deplete the oxygen content of the influent solutions. Therefore, the dissolved oxygen content of solutions entering the columns would be in equilibrium with the atmosphere, a condition likely to be encountered at most mine sites. The effluent from each column was sampled weekly and analyzed to determine pH, acidity/alkalinity, and concentrations of Ni, S0 4 2 -, and lactate. Nickel was measured by ICP atomic emission spectroscopy; sulfate and lactate were both measured by liquid chromatography. Acidity and alkalinity were determined by titration and expressed as mg/L CaC0 3 equivalent. The sulfide content of column effluents was measured by sulfide ion sensitive electrode when hydrogen sulfide odors were detected in effluent reservoirs. At the completion of the experiment, the two columns receiving 500 mg/L nickel inflow were frozen and cut into three equal segments.
Acid volatile sulfide (AVS) distillations were performed on each segment (Jorgenson 1978) . . TIME, days •'--- pH decrease, ion exchange can account for the removal of at least 5 mg Ni 2 +/L, assuming that all cation exchange sites were occupied with H 3 0+ following acid washing of the compost. Nickel removal due to ion exchange may have been higher than indicated, considering that some of the released H 3 0+ may have been consumed subsequently by sulfate reduction. 
Sulfate Reduction Phase
After day 9, the rates of nickel removal in the mushroom compost columns fell to 18-30 mg Ni/day (7.8-12.8 nmol/g-substrate/day) ( fig. 1-5 ). These rates remained relatively stable until supplemental carbon was added on day 161.
It is unlikely that sorption processes contributed to nickel removal during this time.
Otherwise, the rate of nickel removal would have been expected to decrease with time and exhibit a greater dependence on the influent nickel content ( fig. 10 ).
The increases in pH and alkalinity, the long-term and sustained rates of fell to 18-30 mg Ni/day (7.8-12.8 nmol/g-substrate/day) ( fig. 1-5 ). These rates remained relatively stable until supplemental carbon was added on day 161.
Otherwise, the rate of nickel removal would have been expected to decrease with time and exhibit a greater dependence on the influent nickel content ( fig. 10 ). .Average nickel removal rate at five influent nickel concentrations.
The increases in pH and alkalinity, the long-term and sustained rates of nickel removal, and the fact that nickel removal rates were only slightly dependent on influent nickel content all imply that sulfate reduction was probably responsible for the nickel removed during this period of time. However, no decrease in effluent sulfate concentration was detected. Nickel removal during this period ranged from 40 to 60 mg/L; about 65 to 98 mg/L of sulfate would have to be reduced to precipitate this amount of nickel as a sulfide.
The dissolution of sulfate minerals (eg, gypsum) within the mushroom compost could easily have generated more sulfate than was consumed by these low rates of sulfate reduction. Therefore, it is not surprising that no net loss of sulfate was observed. There is no evidence to suggest that ion exchange processes contributed to nickel removal during this period.
Sulfate reduction rates in this study
were estimated from measured rates of nickel removal although, during certain concentrations were too infrequent to accurately determine the amount of unreacted sulfide that escaped from the columns. Therefore, estimated sulfate reduction rates are only a rough approximation of the actual rates, but do indicate the capacity of a compost system to precipitate metals. Sulfate reduction rates calculated from the amount of nickel removed were 10-20 times lower than rates measured previously in the mushroom compost substrate of a constructed wetland receiving acid mine drainage (McIntire et al. 1990 ). If nickel was inhibitory to sulfate-reducing bacteria, higher nickel concentrations would be expected to result in significantly lower sulfate reduction rates.
However, sulfate reduction rates increased slightly with increased nickel content ( fig. 10 ). This observation can be explained by the fact that higher metal contents result in lower concentrations of hydrogen sulfide or bisulfide which are known to be inhibitory to sulfate reducing bacteria (Miller 1972) .
Therefore, nickel toxicity to sulfate-reducing bacteria does not appear to be responsible for the low rates observed during this period.
However, sulfate reduction rates may be limited by the ability of mushroom compost to supply labile carbon. The acid-washing of the mushroom compost during column preparation may have both removed labile carbon and destroyed fermentative bacterial populations necessary for the formation of labile carbon.
To test this hypothesis, 11 mL of a 60 pct sodium lactate solution were added to each liter of inflow.
Nickel removal and sulfate reduction rates increased seven-fold Co a maximum of 216 mg Ni/day (92 nmol/g-substrate/day). Effluent sulfate concentrations dropped dramatically, and pH and alkalinity showed marked increases during the period of sodium lactate supplementation. The positive response of sulfate reduction indicators to the addition of sodium lactate supported the hypothesis that sulfate reduction on mushroom compost was carbon limited. The nickel removal efficiencies for columns operating with and without lactate supplementation are shown in figure 11 .
The estimated sulfate reduction rates for the columns in the presence of excess labile carbon were lower than expected.
However, because the estimated rates were based on nickel removal, the low rates are partly explained by the fact that some hydrogen sulfide or bisulfide exited the column without reacting with nickel. the column because hydrogen sulfide must be removed from solution as a gas in order for alkalinity to increase. There would be no nee increase in alkalinity when hydrogen sulfide or bisulfide was precipitated as nickel sulfide. In addition, anaerobic, purple sulfur bacteria were observed growing in the columns during the experiment. These photoautotrophic bacteria use light energy Co convert hydrogen sulfide to elemental sulfur and hydrogen gas. The activity of purple sulfur bacteria would reduce the amount of hydrogen sulfide available for metal precipitation. For these reasons, all bacterially-generated sulfide would not be available for nickel precipitation. Therefore, actual sulfate reduction rates in the column may have been comparable to the 150-200 nmol/cc-substrate/day rates measured by McIntire.et al. (1990) .
Oxygen and pH inhibition of sulfate-reducing bacteria where water entered the mushroom compost columns may be indicated by lower AVS accumulations in these areas ( fig. 12) These engineering design alternatives are currently being investigated (Dvorak et al. 1991) .
